Background: The free prostate-specific antigen (PSA) isoform, [−2]proPSA, has been shown to be associated with prostate cancer. The study objective was to characterize the clinical utility of serum [−2]proPSA for prostate cancer detection and assess its association with aggressive disease.
Introduction
A number of approaches have been proposed to improve the clinical utility of prostate-specific antigen (PSA) for the early detection of prostate cancer. These approaches have included the use of PSA velocity, PSA density, age-specific reference ranges, artificial neural networks, models and nomograms, and the molecular forms of PSA (1) (2) (3) . Studies have shown less free PSA and more PSA bound to protease inhibitors among men with prostate cancer (4, 5) . These observations led to the development of commercial assays for free PSA and complexed PSA (6) (7) (8) . Although free PSA can improve on total PSA for cancer detection in the 4 to 10 ng/mL total PSA range, it is an imperfect marker possibly as it consists of several isoforms that are associated with either prostate cancer or benign prostatic hyperplasia (9) .
Proenzyme PSA (proPSA) is a cancer-associated form of free PSA found primarily in the peripheral zone of the prostate as well as in the circulation (10, 11) . It contains a seven-amino acid leader peptide sequence and is enzymatically inactive. Enzymatically active PSA results from cleavage of this leader peptide by human kallikrein 2 and trypsin. proPSA forms with amino acids of varying lengths also exist in serum including [−2] proPSA, a stable form that is resistant to activation to mature PSA (9, 10 ). An automated assay for [−2]proPSA has been developed and has received European Union regulatory approval for prostate cancer detection. In the United States, the [−2]proPSA assay is being reviewed by the Food and Drug Administration for regulatory approval for clinical use. This assay has been previously examined for prostate cancer early detection (12) , including a retrospective study by the National Cancer Institute-Early Detection Research Network (EDRN; ref. 13 ). Other assays and proPSA forms have also been studied (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) . The purpose of this study was to further characterize the potential clinical utility for [−2]proPSA for prostate cancer detection as well as its association with aggressive cancer in a prospective multi-center study.
Materials and Methods
Subjects. Prior to prostate biopsy, subjects were enrolled in a prospective study of prostate cancer detection at four National Cancer Institute-EDRN clinical validation centers, approved by internal review boards at each site, that sought to establish an EDRN Prostate Cancer Case-Control "Reference Set" of blood specimens that were collected according to predetermined standard operating procedures (28) . Participants provided written informed consent and specimens were collected prior to prostate biopsy. From among 669 participants in the EDRN reference set cohort, 566 met additional eligibility criteria for this study evaluating the utility of proPSA; these eligibility criteria included being over the age of 40, having no prior prostate surgery, biopsy or history of prostate cancer, no use of 5-α reductase inhibitors, availability of serum samples with corresponding clinical data, and completion of at least a 10 core template biopsy after enrollment. Exclusions were as follows: 7 lacked samples collected before biopsy or with corresponding clinical data, 6 opted against biopsy after enrollment, 2 had less than a 10 core biopsy, 1 was under 40 years of age, 9 had prior prostate surgery, 55 underwent previous biopsy, and 23 had been treated with 5-α reductase inhibitors.
Specimens and laboratory analysis. Blood was collected prior to biopsy and processed using a common protocol (28) . Serum was stored at −80°C for between 12 and 30 months prior to analysis. Specimens were analyzed at the EDRN Biomarker Reference Laboratory at Johns Hopkins University in a blinded fashion on the Beckman Coulter Access 2 Immunoassay Analyzer (Beckman Coulter, Inc.) for total PSA, free PSA (fPSA), and [−2] proPSA (Beckman Coulter Access p2PSA). The commercially available total and free PSA assays, and the investigational use only [−2]proPSA assay, all used dual monoclonal antibodies in sandwich assay formats with chemiluminescence detection. Assay design and characteristics have been previously described (12, 13, 29 20) . Logistic regression models were generated using MATLAB (v 2.3.1). Serum markers not normally distributed were log-transformed prior to model fitting to correct for skewness. The resulting linear predictor score was used to evaluate the combined markers by ROC analysis.
Study samples were collected using a protocol designed to test the primary hypothesis that at a fixed specificity of 70%, %[−2]proPSA would have a sensitivity of 60% for the detection of prostate cancer, which would be an improvement over current PSA derivatives. Statistical significance was tested against the null hypothesis of sensitivity no better than 40% at the same fixed specificity of 70%. This design was to ensure that the corresponding Positive Predictive Value (PPV) and Negative Predictive Value (NPV) of %[−2]proPSA would provide clinically meaningful information for a substantial proportion of men in making a biopsy decision. To be powered at 90% to detect that the sensitivity is 60% or higher for a test with one-sided type I error of 0.05, 171 patients with a positive biopsy for prostate cancer and 256 controls would be needed. The final sample size was inflated to 200 positive biopsy cases and 300 negative biopsy controls. In addition, secondary analyses were done for clinically meaningful PSA subranges.
Results
The demographic and clinical characteristics of the 566 men in this study are presented in Table 1 . Prostate biopsy-detected cancer was found in 43% of subjects. The mean age (± SD) of the subjects in this study was 61.7 ± 8.6 years (41-93 years) and men in the cancer group (63.3 ± 9.3 years) were slightly older than men in the non-cancer group (60.5 ± 7.9 years, P < 0.001). There were no differences between the groups with respect to race, family history of prostate cancer, or Digital Rectal Examination (DRE) findings.
In all subjects (n = 566), PSA ranged from 0.29 to 18.24 ng/mL in the non-cancer group and 0.69 to 310.60 ng/mL in the cancer group. Median PSA concentrations and % [−2]proPSA were significantly higher in the cancer group compared with the non-cancer group, whereas %fPSA was significantly lower (Table 2) . Using paired ROC analysis, areas under the curve (AUC) were similarly high for PSA (0.66), %fPSA (0.70), and %[−2]proPSA (0.67; Fig. 1A ). At a specificity of 70%, the sensitivity of %[−2] proPSA was 54% [95% confidence interval (CI), 48-61%], which was significantly better than the null hypothesis of 40% (P < 0.0001). A logistic regression model was constructed including a base model with clinical and demographic factors (age, race, DRE, and prostate cancer family history) and stepwise selected log transformed laboratory variables (P = 0.05 for inclusion). PSA (P < 0.0001), %fPSA (P = 0.001), and %[−2]proPSA (P < 0.0001) remained in the model which had an AUC of 0.79 that was greater than the individual markers (P < 0.0001). The addition of %[−2]proPSA significantly improved the AUC from 0.75 to 0.79 (P < 0.01). Using the ROC curves, we compared the specificity of each test at a fixed sensitivity of 80%. PSA, %fPSA, and %proPSA had similar specificities-41.7% (95% CI, 36.3-47.4%), 40.2% (95% CI, 34.8-45.8%), and 42.1% (95% CI, 36.6-47.7%), respectively, whereas the logistic regression model had the highest specificity of 61.4% (95% CI, 56.0-66.7%).
The utility of %[−2]proPSA for the early detection of prostate cancer was also examined in clinically relevant total PSA ranges. In the 2 to 4 ng/mL PSA range (Table 2) , median %fPSA was significantly lower in the cancer group (non-cancer, 22.0%; cancer, 17.3%; P = 0.02) and % [−2]proPSA was significantly higher in the cancer group (non-cancer, 1.36%; cancer, 1.75%; P < 0.0001). %[−2]proPSA had the best overall performance using ROC analysis (Table 2 ; Fig. 1B ) with an AUC (0.73) significantly greater than the AUC for PSA (0.58, P = 0.01) and %fPSA (0.61, P = 0.01). The AUC for the logistic regression model (0.76) was similar to the AUC for %[−2]proPSA, which was expected because log %[−2]proPSA (P < 0.0001) was the only variable remaining in addition to the base model. The specificity at a fixed sensitivity of 80% showed similar results for PSA (29.9%; 95% CI, 21.0-40.0%) and % fPSA (28.9%; 95% CI, 20.1-39.0%), whereas both %[−2] proPSA and the model had significantly higher specificities of 51.6% (95% CI, 41.2-61.8%) and 53.1% (95% CI, 43.1-63.1%).
Similar to the group of all subjects, in both the 4 to 10 ng/mL PSA range and the 2 to 10 ng/mL PSA range, median PSA concentrations and %[−2]proPSA were significantly higher in the cancer group compared with the non-cancer group whereas %fPSA was significantly lower (Table 2 ). In contrast, as shown in Fig. 1C and D, the diagnostic utility of %[−2]proPSA (AUC = 0.70) in the 4 to 10 ng/mL and of %fPSA (AUC = 0.66) and %[−2]proPSA (AUC = 0.70) in the 2 to 10 ng/mL range were significantly better than PSA (both ranges AUC = 0.58, P < 0.05). Further improvement in diagnostic utility was observed with a logistic regression model with an AUC of 0.76 for both ranges (Table 2 ; Fig. 1C and D) , which was significantly larger than the AUCs of the three individual PSA forms (PSA, P < 0.0001; %fPSA, P < 0.001; %[−2]proPSA, P < 0.01). In the 2 to 10 ng/mL range, the log transformed laboratory results for PSA (P = 0.03), % fPSA, (P = 0.002), and %[−2]proPSA (P < 0.0001) remained in the model when P = 0.05 was used for inclusion, whereas PSAwas eliminated and %fPSA and %[−2]proPSA (both P < 0.0001) remained in the model for the 4 to 10 ng/mL range. For the specificity at a fixed sensitivity of 80%, 
Discussion
Since the discovery a decade ago that free PSA is comprised of an isoform (10, 11) that may be specific for cancer, several assays of differing formats recognizing full-length and truncated forms of proPSA have been developed and evaluated for the improved detection of prostate cancer. There is less consensus on the utility of an automated assay measuring [−5, (12, 13, 15, 18, 21, 24, 25) . Potential roles for [−2]proPSA and proPSA improving the diagnostic ability of %fPSA when %fPSA was >25% (21) or <15% (19) , identifying aggressive prostate cancer (16, 17) , and aiding in treatment decisions for men on expectant management (31) have also been investigated.
In the overall study population, %[−2]proPSA was equivalent to PSA and %fPSA using ROC analysis. Moreover, it was complementary and provided independent value to PSA and %fPSA when the three PSA markers were combined with demographic and clinical parameters in a logistic regression model. This model had improved performance over the individual markers. It should be noted that because PSA concentration is the most common indication for prostate biopsy, many of the men in this study were preselected by total PSA. It should also be noted that there was higher than usual representation of biopsy Gleason score ≥7 in this multicenter cohort. However, patients were consecutively enrolled in a prospective fashion at four geographically distributed sites and thus we do not believe any biases were introduced that would affect the observed results.
In previous studies, % [−2] proPSA has shown utility in clinically important PSA ranges from 2 to 20 ng/mL, where PSA loses specificity (12, 13, 15, 24) . In this study, %[−2]proPSA had the best diagnostic utility in the 2 to 4 ng/mL range where it is now recognized that 25% of men may have cancer (32, 33) and where cutoffs lower than 4 ng/mL for PSA have been suggested (34) . We found that %[−2]proPSA was significantly better than %fPSA in overall diagnostic efficacy (AUC 0.73 versus 0.61) and has higher specificity at a fixed sensitivity of 80%, a trend reported in two previous studies for % [−2] proPSA and %proPSA which showed the potential to spare unnecessary biopsies (16, 25) . The better performance of %[−2] proPSA compared with the other PSA derivatives was also evidenced by the logistic regression model (AUC = 0.76) in which only %[−2]proPSA remained in the model using a backwards elimination approach.
In the 4 to 10 ng/mL and 2 to 10 ng/mL PSA ranges, logistic regression models incorporating clinical and demographic factors and PSA derivatives had the highest discriminatory value for prostate cancer detection (ROC AUC = 0.76). In this study, the AUCs for %[−2]proPSA (30) . A recent study (12) incorporating the same assay for [−2]proPSA used in this study showed that %[−2]proPSA and [−2]proPSA/%fPSA could distinguish between Gleason sum <7 and ≥7 as well as organ-confined versus non-organ-confined disease. Makarov et al. (31) found that [−2]proPSA/%fPSA at diagnosis was able to predict which men in an expectant management program for prostate cancer would require treatment based on the development of an unfavorable biopsy. [−2]proPSA and proPSA (sum −2, −4/−5, −7) analyzed with microtiter plate-based assays have also been associated with aggressive prostate cancer characteristics (16, 17) , whereas screening studies (14, 20) 
